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Abstract 
The plasma electron temperature has been estimated starting from the spectroscopic analysis of the optical emission of the laser-
generated plasma plume during quite diverse stainless steel welding procedures (c.w. CO2 and pulsed Nd:YAG). Although the 
optical emissions present different spectral features, a discrete contribution of several iron lines can be highlighted in both types 
of welding. We have found that the electron temperature decreases as the laser power is enhanced, in static as well as dynamic 
conditions. Such a result could be useful to develop a closed loop control system of the weld penetration depth.   
PACS: 52.50Jm; 81.20Vj; 52.38.Mf 
Keywords: laser welding; process sensing and controlling; plasma spectroscopy 
1. Introduction  
Quality control is a key issue in laser welding. The demand for online inspection systems able to reliably detect 
weld defects to reduce the overall production costs has recently increased among the manufacturing industries that 
employ the laser technology. Most of the methods used to monitor laser welding processes rely on photodiode-based 
systems that acquire and analyze the electromagnetic emissions generated during the interaction of the laser beam 
with the materials. A common approach is to use different photodiodes sensible to speficic frequency ranges of the 
electromagnetic spectrum and combine their signals in order to have an additional information on the ongoing 
process [1-6]. Optical sensors based on fast spectrometers have the further advantage of getting a detailed analysis 
of the emission spectrum over a wider wavelength range. The strength of this approach has been demonstrated for 
CO2 laser welding process monitoring. Here, a plasma plume is generated on the keyhole surface, emitting an 
intense optical radiation. This plume is originates from the ionized hot metal vapors escaping from the keyhole and 
is fed by the partial absorption of the incident laser beam through the inverse Bremsstrahlung mechanism. If it is not 
properly shielded with an inert gas stream, the surface plasma plume may be responsible for laser beam attenuation 
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and defocusing thereby causing process instabilities that lead to shallower penetration depth or other weld flaws 
[7,8]. The dynamics of the plasma plume related to change of process settings can be successfully monitored by 
analyzing its optical emission spectrum. Previous works have focused on the study of morphological changes of the 
spectra [9], correlation and/or anti-correlation between different spectral lines  [10-12], and the plasma electron 
temperature value related to weld quality issues [13-15].  
When Nd:YAG laser sources are used, due to their lower wavelength, absorption of the laser beam inside the 
plasma plume is negligible because the inverse Bremsstrahlung absorption coefficient is directly proportional to the 
square of the laser wavelength [7]. Even the generation of an ionized plasma plume is argued by many researchers 
stating that it is more likely to talk about hot metal vapors when working with Nd:YAG laser sources. Here, the 
acquired optical spectra exhibit a wide background contribution due to the thermal blackbody radiation [16]. It is 
still debated if the major contribution to this infrared emission is given by the melt pool or rather by the hot vapors. 
Actually a rough estimation of the temperature, obtained with a fit of the experimental data with Planck’s law, gives 
values much higher than the melting temperature of the welding metal. Further experimental investigations show 
that a substantial amount of the infrared radiation emitted by the weld zone comes from the hot vapors and is 
directly related to their volume [17]. On the other hand, other authors have shown that, after elimination of the 
background contribution, several lines of ionized chemical species can be distinguished among the optical spectra 
acquired during Nd:YAG laser welding [16,18,19]. Starting from these lines the plasma electron temperature has 
been calculated assuming that the plasma plume is in Local Thermal Equilibrium (LTE). Such hypothesis is 
confirmed by an indirect measurement of the plasma electron density [19]. The idea that a plasma plume is formed 
also in case of Nd:YAG laser welding is therefore supported even if it does not interact with the laser beam and has 
a temperature lower than CO2 laser plasmas. This discussion becomes even more interesting with the introduction of 
the new class of high brightness high power fiber laser and disk laser sources that have already shown great 
potential for welding applications. The possibility to focus their beam to a diffraction limited spot size allows  
achieving higher power densities on the irradiated metal surfaces. This should enhance the degree of ionization of 
the induced plasma plume [20, 21]. The realization of optical systems that, based on the spectroscopic analysis of 
the plasma plume optical emission, are able to monitor different laser welding processes, is therefore desirable. 
These systems ought to be compatible with different laser sources and welding procedures. 
In this work we present a spectroscopic investigation of the plasma optical emission acquired during overlap and 
butt welding processes of stainless steel sheets performed with quite different laser sources: a 2500 Watt continuous 
wave CO2 laser and a 200 Watt pulsed Nd:YAG laser. The aim was to investigate the analogies between the plasma 
plume properties and the related spectral emissions generated in such different operating conditions. The discrete 
contributions  to the optical spectra has been carefully analyzed in order to find a set of lines that could be observed 
in both welding procedures, suitable to determine the plasma electron temperature using the Boltzmann Plot method 
[22]. The electron temperature value calculated for different incident laser powers has been quantitatively correlated 
to the weld penetration depth, one of the most relevant quality criteria for a laser welded joint.  
2. Experimental set up 
The welding tests have been carried out by using a CO2 laser (Rofin Sinar mod. DC025) with maximum output 
power of 2.5 kW in continuous wave regime, and a pulsed Nd:YAG laser (Alphalaser ALM 200) of 200 W 
maximum average power, pulse length variable from 0.5 to 20 ms and repetition rate up to 20 Hz.  
The CO2 laser beam is focused onto the workpiece through a water-cooled parabolic focusing mirror with 200-
mm focal length. The laser source is coupled to a fully-automated 4-axis robotic cell (Ravasi LC1000). The welding 
trials have been performed in a lap-joint configuration by superimposing a 1 mm-thick upon a 2 mm-thick AISI304 
stainless steel plate. The welding speed has been kept constant at 50 mm/s for all the experiments as well as the 
beam focus position on the surface of the top plate, the argon shielding at a flow rate of 60 l/min and the nozzle 
stand-off distance of 6 mm. Only the laser power has been changed during the experiments in a range from 750 W to 
2.4 kW, resulting in different penetration depths. The plasma optical emission has been collected by a 6 mm focal 
length collimator and transported by an optical fiber to the 10 µm entrance slit of a miniature spectrometer equipped 
with a CCD detector array. The spectral range investigated is 400-530 nm, with an optical resolution of 0.12 nm. 
Regarding the Nd:YAG laser welding experiments, the focusing optics consist of a 150-mm focal length water-
cooled mirror. The welding trials were performed on 1 mm-thick plates of AISI304 stainless steel in a butt-joint 
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configuration. Here the average laser power has been varied from 24 W to 185 W corresponding to a peak power 
range of 2.3-2.9 kW. The welding speed was 0.72 mm/s, the beam focus was placed on the plate surface while the 
argon shielding flow was 40 l/min with a nozzle stand-off distance of 70 mm. Pulse frequency was 10 Hz and pulse 
duration ranged between 3 and 8 ms. In this case the light emission from the welding zone has been collected by a 
10 mm focal length collimator and transported through an optical fiber to the 5 µm entrance slit of a miniature 
spectrometer analogous to the one used during CO2 laser experiments except for a larger spectral sensitivity (from 
380 nm to 820 nm) and a lower optical resolution of 0.32 nm. We verified that this lower resolution was still 
sufficient to spectrally resolve the discrete lines of the plasma spectra useful for the electron temperature calculation. 
Both spectrometers have been interfaced to a PC that automatically performed the acquisition of the spectra, the 
selection of the spectral lines and the electron temperature computation using the Boltzmann Plot method.  
Metallographic analyses of the welded joints cross sections have been carried out in order to determine the 
penetration depth obtained for each operating condition.  
3. Results and discussion 
Typical spectra acquired during CO2 and Nd:YAG laser welding respectively, are presented in figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Plasma optical emission sample spectra acquired during (a) CO2 and (b) Nd:YAG  laser welding processes of stainless steel sheets 
While the plasma emission sample spectrum produced by the CO2 laser exhibits a dense discrete contribution 
consisting of hundreds of emission lines corresponding to neutral and ionized chemical species of the metallic 
elements of the alloy under investigation like iron, chromium or manganese, the Nd:YAG plasma emission is 
dominated by an intense and broadband background contribution to be probably ascribed to the thermal radiation of 
the plasma plume. Nevertheless in the latter case a set of discrete emission lines can be distinguished in the spectral 
range between 500 and 550 nm. Such emission lines, mostly belonging to neutral iron Fe(I) and chromium Cr(I) 
species, have been carefully resolved and identified with the help of the NIST database [23]. The same lines are 
clearly visible also in the CO2 laser generated plasma spectra. Therefore, it has been possible to determine a suitable 
subset of Fe(I) lines useful for the determination of the electron temperature with the Boltzmann plot method. The 
list of lines used for the computation are given in table 1.  
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Table 1. Spectroscopic parameters of the selected Fe(I) emission lines used for the Boltzmann plot calculation. (*) indicates the lines observed in 
both Nd:YAG and CO2 plasma spectra (source: NIST database).  
Wavelength 
(nm) 
Transition probability 
Aki (s-1) 
Energy level  
Ek (cm-1) 
Level Degeneracy 
gk 
421.93 3.8e+07 52513 13 
431.5 7.7e+06 40894 5 
*513.36 2.7e+07 53169 13 
*516.74 2.0e+06 31322 7 
*517.15 4.46e+05 31307 9 
*523.29 1.4e+07 42815 11 
 
Figure 2 shows two characteristic Boltzmann plots obtained from the spectra acquired during CO2 and Nd:YAG 
laser welding experiments respectively and using the lines of table 1. Note that the line intensities of the Nd:YAG 
plasma spectra have been evaluated by subtracting the background thermal contribution measured in the same 
wavelength range.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Boltzmann plots obtained using the Fe(I) set of spectral lines reported in table 1 for (a) CO2 and (b) Nd:YAG laser processes. Iki is the 
measured line intensity. 
The estimated regression coefficients R2 of the linear fit of plots (a) and (b) are 0.96 and 0.92 respectively. Such 
high linear correlation coefficient values are clear indication that the Local Thermal Equilibrium hypothesis can be 
accepted in both the experimental conditions investigated in this work and that it is not possible  to talk about a laser 
generated plasma plume also for Nd:YAG laser welding, instead of just hot metal vapors.  
After having demonstrated that it is feasible to calculate the plasma electron temperature starting from the same 
set of spectroscopic data acquired under very different process conditions, we have tried to quantitatively correlate 
this physical parameter to the weld bead features and in particular to the penetration depth. For this purpose we 
performed several welding experiments by changing the incident laser power, and measured the weld penetration 
depth of the corresponding joints.  
 Figure 3 shows the penetration depths obtained during the CO2 laser overlap welding experiments, as a function 
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of the incident laser power. As expected, the weld penetration grows almost linearly with the laser power until full 
penetration over the 3 mm total thickness of the overlapped steel sheets is achieved at 1700 W.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Penetration depth versus laser power for CO2 laser lap welding experiments executed at a travel speed of 50 mm/s. The inserts represent 
the joint cross-sections corresponding to selected laser power levels.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 4. Fe(I) electron temperature as a function of the laser power for CO2 laser welding processes. The welding speed was 50 mm/s. 
In order to correlate the plasma electron temperature to the laser power, several CO2 laser welding experiments 
have been carried out by changing dynamically the laser power in a wide range within the same process and 
acquiring the plasma emission spectra at the fastest achievable rate. The objective was to verify if the plasma 
electron temperature could be a reliable physical quantity able to recognize a dynamic variation of the process 
settings responsible for the variation of such an important quality criterium as the weld penetration depth. The laser 
power was varied continuously in the range from 750 W to 2400 W and the electron temperature was calculated 
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every 100 W by analyzing the data of at least 5 consecutive spectra acquired around the corresponding power level. 
The laser power signal acquired with a fast power sensor helped us to synchronize the spectroscopic acquisition with 
the real laser power delivered onto the sample in order to make sure that each set of spectra actually corresponded to 
the laser power level under examination. The correlation of the penetration depth value with the laser power was 
investigated also in the dynamic condition and it was verified to be similar to the static case. Results of the plasma 
electron temperature as a function of the incident laser power are illustrated in figure 4. It can be clearly seen that 
the plasma electron temperature decreases with the laser power and keeps an almost steady value above 1800 W 
where full penetration is obtained. Further investigations are needed to find a physical explanation for this behavior 
but it can be speculated that the keyhole depth increases as a result of the enhanced laser power, the hottest core of 
the plasma plume goes deeper into the sample. As a consequence, light collecting system located on the weld 
surface looks at the spectroscopic emission of the colder external shell of the plasma plume. This interpretation of 
the rough experimental data needs to be verified with forthcoming experiments. 
Parallel investigations have been carried out on  Nd:YAG laser butt welding experiments. Here, due to the limits 
of the laser source, it was not possible to change dynamically the laser power within the same weld. Even though the 
tests have been executed only in a static configuration, an analogous relationship between the plasma electron 
temperature, the average power and the penetration depth was found. Results are shown in figure 5. The overall 
plasma electron temperature value is higher than the CO2 laser welding case because, even though the peak powers 
are comparable, the welding speed used in the Nd:YAG welds is two orders of magnitude lower. Therefore, the 
energy released onto the sample per unit length is higher. 
In agreement with the CO2 laser welding results, the plasma electron temperature calculated with the Fe(I) 
emission lines decreases with the average laser power also in this case and it is thus inversely proportional to the 
penetration depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Fe(I)  electron temperature (a) and penetration depth (b) as a function of the average laser power for Nd:YAG laser welding processes. 
The welding speed was 0.72 mm/s, the pulse duration ranged from 3 ms to 8 ms at a repetition rate of 10 Hz. 
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Similar conclusions can be drawn on the plasma behavior even if the experimental conditions and the welding 
procedure are quite different from the ones explored with the CO2 laser source. 
Preliminary laser welding tests have been carried out on AISI304 stainless steels sheets aiming to study the 
influence of the geometry and spatial resolution of the light collecting system on the morphology and intensity of the 
acquired spectra and on the electron temperature behavior both with CO2 and Nd:YAG laser. Optical emission 
spectra were acquired from different points of view simultaneously in several positions with respect to the travel 
direction of the laser beam. The acquired spectra do not show significant differences, except for the relative intensity 
of the emission lines and of the continuous background of the spectrum showing only a little difference in the 
electron temperature values. Otherwise the electron temperature behavior with the process parameters does not show 
any relevant modification with respect to the trend showed in this work.  
 
4. Conclusions 
A spectroscopic investigation of the laser generated plasma plume optical emission has been carried out during 
quite different welding procedures performed by using a 2.5 kW c.w. CO2 laser and a 200 W pulsed Nd:YAG laser 
source. The welding material was AISI304 stainless steel plates in a lap joint and butt joint configuration, 
respectively. Results of the analysis of the optical emission revealed that a discrete component of the spectrum is 
clearly visible also for Nd:YAG welding and that it is probably originating from ionized chemical species inside the 
plume. The local thermal equilibrium hypothesis of the plasma plume is also verified in both operating conditions. 
Starting from the measurement of the intensities of set of Fe(I) lines of the spectrum it is possible to evaluate the 
electron temperature. It was demonstrated that thermodynamic variable is  related to variation of the process 
parameter in static as well as dynamic conditions. In particular it was found, for both CO2 and Nd:YAG experiments 
that the electron temperature decreases as the laser power increases. Such a quantitative relationship could be the 
first step towards the realization of a closed loop control of the laser weld penetration depth using the laser power as 
an actuator variable. The sensor prototype, that we are now developing, will be able to control in real time the 
temporal plasma electron behavior with the laser power changes.  
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